The effects of contaminants are typically studied in individual exposures; however, environmental exposures are rarely from a single contaminant. Therefore, the study of chemical mixtures is important in determining the effects of xenobiotics. The constitutive androstane receptor (CAR) responds to endobiotics and xenobiotics, and in turn induces detoxification enzymes involved in their elimination. First, we compared several androgens as inverse agonists, including androgens allegedly used by Bay Area Laboratory Co-operative to enhance athletic performance. CAR inverse agonists ranked in order of potency were dihydroandrosterone (DHA) > tetrahydrogestrinone (THG) > androstanol > norbolethone. Therefore, we used DHA as an inverse agonist during transactivation assays. Next, we examined the effects of several pesticides, plasticizers, steroids, and bile acids on CAR activation. Our data demonstrates that several pesticides and plasticizers, including diethylhexylphthalate, nonylphenol, cypermethrin, and chlorpyrifos activate CAR. Both full and partial CAR activators were discovered, and EC 50 values and Hillslopes were determined for use in the concentration addition models. Concentration addition models with and without restraint values to account for partial activators were developed. Measured results from transactivation assays with a mixture of two to five chemicals indicate that the concentration addition model without restraints correctly predicts activity unless all of the chemicals in the mixture are partial activators, and then restraint values be considered. Overall, our data indicates that it is important to consider that we are exposed to a milieu of chemicals, and the efficacy of each individual chemical is not the sole factor in determining CAR's activity in mixture modeling.
The constitutive androstane receptor (CAR; NR1I3) is an orphan nuclear receptor similar to its cousin the pregnane X recpeptor (PXR; NR1I2) that when activated acts as a master regulator of the phase I, II, and III enzymes and transporters critical for detoxification of steroids, bile acids, and xenobiotics (Chang, 2006; Chen et al., 2008; Wei et al., 2000; Zollner et al., 2006) . Detoxification genes induced through CAR include several CYP family members (CYPs 1A, 2A, 2B, 2C, 3A) (Jackson et al., 2006; Wei et al., 2000; Wortham et al., 2007) , sulfotransferases, uridine diphospho-glucuronyltransferases (Chen et al., 2007; Huang et al., 2004a) , and multiple transporters (Assem et al., 2004; Kast et al., 2002) . These genes act in concert to metabolize, detoxify, and eliminate chemical hazards (Pascussi et al., 2008; Swales and Negishi, 2004 ).
CAR's ligand-binding pocket is smaller and less flexible than PXR's (Suino et al., 2004; Watkins et al., 2001) , and therefore CAR is less promiscuous than PXR (Suino et al., 2004) . However, ligand binding is not required for CAR activation. For example, phenobarbital (PB) activates CAR through an AMP kinase phosphorylation cascade (Rencurel et al., 2005; Shindo et al., 2007) . It has been hypothesized that the majority of CAR activators work through an indirect pathway (Shindo et al., 2007) and therefore many CAR activators are not referred to as ligands or agonists. Chemicals known to activate CAR include PB , 5b-pregnane-3,20-dione , metyrapone (Honkakoski et al., 2001) , 1,4-bis-(2-(3,5,-dichloropyridyloxy)) benzene (TCPOBOP) (Tzameli et al., 2000) , phenytoin (Wang et al., 2004) , DDE (Wyde et al., 2003) , garlic (Fisher et al., 2007) , and nonylphenol (Hernandez et al., 2007) , but the list of chemicals known to activate CAR is much shorter than the list of chemicals known to activate PXR (Kretschmer and Baldwin, 2005) .
CAR received its name because of its high constitutive activity, which can be repressed by inverse agonists such as the androstanes (Forman et al., 1998) . The high constitutive activity of CAR in vitro makes the use of androstanes or other inverse agonists necessary when performing transactivation assays in order to increase the sensitivity of transactivation assays. The decreased sensitivity of CAR transactivation assays coupled with the difficulties of performing CAR activation assays with human CAR (hCAR), which lacks a potent inverse agonist, makes screening for hCAR activation more difficult than screening for hPXR activation. Although it is likely that CAR is not as promiscuous as PXR because of its smaller ligand-binding pocket; reduced screening for CAR activators may account for the significantly shorter list of xenobiotic activators of CAR (Kretschmer and Baldwin, 2005) .
For the most part, short-term activation of CAR is an important defense mechanism for the protection from xenobiotics and toxic endobiotics; however, CAR activation has been implicated in drug-drug interactions. Phenytoin and PB activation of CAR are associated with increased vitamin D metabolism by CYP3A4 and a subsequent reduction in bone mineral density (Xu et al., 2006) . The production of N-acetyl-p-benzoquinone imine, the toxic metabolite of acetaminophen (APAP), is significantly enhanced by CAR activation, and mice lacking CAR are not as susceptible to APAP toxicity (Zhang et al., 2002) .
However, we are not exposed to only one chemical at a time. We are often exposed to a milieu of different chemicals due to occupational, environmental, or pharmaceutical exposures (Kolpin et al., 2002; Lang, 1995) , and CAR responds to these mixtures. The Agency for Toxic Substances and Disease Registry supports the identification of environmental mixtures, joint toxicity assessment, and experimental testing in order to improve our understanding of the toxicity and health effects of chemical mixtures (Mumtaz et al., 2002) . In addition, The Food Quality Protection Act of 1996 Act of (1996 requires that the United States Environmental Protection Agency consider the cumulative effects of pesticides that have a common mechanism of action. For example, low doses of a mixture of several chemicals that activate CAR may significantly induce detoxification enzymes important in xenobiotic metabolism and cause idiosyncratic adverse drug reactions (Xu et al., 2006; Zhang et al., 2002) , alter bile acid homeostasis (Wagner et al., 2005) , or perturb energy metabolism (Ding et al., 2006) .
Mixtures of chemicals may have activities that are greater than one chemical alone (additive or synergistic effects) or less than predicted (antagonistic). Chemical mixtures are considered additive when their combined effects produce a predictable response based on the measured effects of single chemicals (Bliss, 1939; Gennings et al., 2004; Meadows et al., 2002) , and antagonistic or synergistic interactions can be determined using a previously published concentration addition model equation (Berenbaum, 1985) . Thus, if all the chemicals work through the same mechanism and do not interact each chemical can be considered dilutions of the same chemical for the purpose of a concentration addition model. In general, two approaches are used to predict the toxicity of chemical mixtures: concentration addition or independent joint action (Drescher and Boedeker, 1995) . Concentration addition assumes that chemicals share the same mechanism of action (Bliss, 1939) , and is the method we use in this study because we are studying chemical activation of CAR.
The objective of our study was to determine the additive effects of multiple CAR activators and produce a model that would explain how a mixture of CAR activators activates CAR. CAR activators may act as full or partial activators, and partial activation appears to be relatively common. Therefore, a maximal response of 100% cannot be assumed for each chemical as the model would overestimate the responses. Consequently, we must consider whether chemicals act as partial activators. This was done by compressing each normalized dose-response curve by the percent of its maximal activity compared with the full agonist TCPOBOP. This allowed us to develop a model that considers the partial agonist-type activity of each individual chemical and test whether partial activators perturb the measured activity of a chemical mixture.
There has been significantly less research performed investigating the activation of CAR by environmentally toxicants than PXR. Therefore, we first examined the ability of several environmentally relevant chemicals to activate CAR using dihydroandrosterone (DHA), a new CAR inverse agonist described here. Several CAR activators were selected for further characterization including the determination of EC 50 and Hillslope values. Then we measured the ability of mixtures of two to five chemicals including both partial and full activators to work in concert to induce CAR activity using a luciferase-coupled reporter assay. Results were compared with a concentration addition model without restraints and two different concentration addition models with partial activator restraint values. A model was developed using the data derived above to putatively explain the action of a mixture of CAR activators. Table S1 (supplemental data) provides a list of the chemicals obtained for the study of CAR activation, their CAS number, source, and their purity when available. Solvents were purchased from Fisher Scientific (Houston, TX) unless otherwise noted.
MATERIALS AND METHODS

Chemicals.
Transactivation assays. The mouse CAR (mCAR) expression plasmid was a generous gift from Dr David Moore (Forman et al., 1998) , and the CAR luciferase-coupled reporter was a generous gift from Dr Masahiko Negishi (Wang et al., 2003) . Transactivation assays were performed in HepG2 human hepatoma cells (ATCC, Rockville, MD) cultured in phenol red free Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (HyClone, Logan, UT) and 1% Penicillin/ Streptomycin (Invitrogen) under 5% CO 2 at 37°C as described previously (Hernandez et al. 2007) . Briefly, HepG2 cells were plated in 12-well plates at 100,000 cells per well, and transfected 24 h later with 20 ng of the mCAR expression vector, and 100 ng of the reporter plasmid using Effectene reagent according to the manufacturer's instructions (Qiagen, Valencia, CA). Transfected cells were treated the next day with 10lM inverse agonist to reduce CAR's constitutive activity in combination with the chemical(s) of interest. All chemicals were dissolved in dimethyl sulfoxide (DMSO) and therefore all samples, treated and untreated, received 0.2% DMSO. Firefly luciferase activity was measured 24 h after the chemical treatment with the Steady-Glo luciferase reporter assay system (Promega, Madison, WI) according to the manufacturer's protocol. The luminescence signal was normalized to transfected, DHA-treated cells by determining the ratio of the normalized signal from chemically treated cells over that of the CAR-transfected, DHA-treated cells. This is reported as fold activation. Data are presented as the mean of triplicate assays ± standard deviation from two to three separate assays. Statistical significance was determined by ANOVA followed by Tukey's multiple comparison test as the post hoc test using the GraphPad Prizm 4.0 software package (La Jolla, CA).
Determination of EC50 and Hillslope values. Multiple concentrations that spanned the dose-response curve were used to treat transfected HepG2 cells and luciferase activity measured. The luciferase assay data determined from the chemical responses were normalized as a percent of their maximal effect, log transformed, and plotted using a sigmoid dose-response curve using GraphPad Prizm 4.0 software in order to determine the Hillslope (slope of the doseresponse curve) and EC50 of each chemical. This is the same equation described by Rider and LeBlanc (2005) (Equation 1 ), where R equals the response to each chemical (0 ¼ no response and 100% ¼ maximal response). However, we use a different software program with different nomenclature, as GraphPad Prizm uses the term Hillslope instead of power.
In addition, many CAR activators are partial activators and therefore we must consider the reduced activity of these chemicals. We used the concept of a restraint value, which is the percent measured activity of a partial activator compared with the full agonist, TCPOBOP. In turn, the normalized measured activity of each partial activator is multiplied by their restraint value, which compresses each data point on the concentration-response curve. This serves to compress the normalized dose-response curve, including the EC50, without altering the Hillslope.
Ultimately, the EC50 values and Hillslopes are used to estimate the cumulative effects of mixtures using the model described below.
CAR concentration addition models. The EC50 and Hillslope values were used to model the additive activity of the chemical mixtures using the formula below (Rider and LeBlanc 2005) . The formula below (Equation 2) provided a predictive effect of our mixture of chemicals, where R equals the response of the mixture, C i is the concentration of chemical i that causes a 50% response, and hs is the Hillslope.
Measured EC50 and Hillslope values were placed in the Computational Approach to the Toxicity Assessment of Mixtures (CATAM) model developed by Dr Gerald LeBlanc's laboratory at North Carolina State University (http:// www.ncsu.edu/project/toxresearch/model5/linked_files/php_files/page3.php). The CATAM model we used predicts the effect of a chemical mixture by means of concentration addition with a prescribed set of chemicals using Equation 2. Concentration addition requires concentration-response curves from each of the individual chemicals and therefore is sometimes referred to as the single chemical required approach. Predictive concentration addition models were performed without restraint values, with restraint values considered for only the most potent partial activator in the mixture, and a weighted restraint value model that considered full activators as having a restraint value of 1.0 and determining the weighted restraint value of the chemical mixture based on the potency of each chemical. This allowed us to compare each of the three models to the measured responses. Fisher's exact test (2 3 3) was performed to compare each model to the measured values and determine the model that fit the data best using Dr Richard Lowry's Vassar College statistics page (http:// faculty.vassar.edu/lowry/VassarStats.html).
RESULTS
CAR Inverse Agonists and Activators:
In comparison to PXR, there are few known chemical activators of CAR (Kretschmer and Baldwin, 2005) . However, before we could start looking for novel CAR activators we needed to optimize our transactivation assay and one way to do that is reduce CAR's constitutive activity. Therefore, we tested a couple of synthetic and natural androgens, including androstanol (And), DHA, Norbolethone (Nor), and tetrahydrogestrinone (THG), for their efficacy as inverse agonists. Androstanol, a well characterized CAR inverse agonist (Forman et al., 1998) , and DHA, a 3a-hydroxysteroid dehydrogenase catalyzed metabolite of dihydrotestosterone (Biswas and Russell, 1997) , are natural androgens. THG and Nor are synthetic androgens allegedly used by the Bay Area Laboratory Co-operative to enhance the performance of several famous athletes and are known as ''the clear'' and ''the clean'' (Catlin et al., 2002 (Catlin et al., , 2004 Fainaru-Wada and Williams, 2007; Labrie et al., 2005) .
HepG2 cells cotransfected with mCAR and a luciferase reporter construct were treated with the four androgens at 10lM and their ability to repress basal transcription was measured. All four of the androgens tested repressed CAR activity. And is the least efficacious, and the synthetic androgen, THG is the most efficacious inverse agonist at 10lM; DHA and Nor had similar potencies (Fig. 1A) . Treatment of cotransfected HepG2 cells with androgen concentrations ranging from 0.1 to 30lM produced concentration-response curves ( Fig. 1B ) with similar slopes with the exception of Nor, which had a much flatter slope. DHA is the most efficacious CAR inverse agonist at 30lM, but is the least potent based on its EC50 of 7.64lM (Table 1) . At 30lM, DHA inhibited CAR activity 99%, THG 90%, Nor 75%, and And 71%. And is the least efficacious CAR inverse agonist, but has the steepest hillslope and second lowest EC50 indicating it's relatively high potency compared with DHA.
Subsequently, we compared the potency of each of the CAR inverse agonists at 10lM in the presence of TCPOBOP. The purpose of this experiment is to determine which inverse agonist has the weakest affinity for CAR in the presence of TCPOBOP. A chemical that is easily released or outcompeted in the presence of a CAR activator would be ideal because it would show the largest change following treatment with a CAR activator and thus have the most sensitivity in the assay. Interestingly, Nor, which showed a flatter slope than the other androgens, repressed the TCPOBOP activation of CAR much more than the other androgens. TCPOBOP increased THGand And-repressed CAR activity about twofold. However, DHA is the ideal inverse agonist, as TCPOBOP increased DHArepressed CAR activity approximately threefold. Thus, DHA is outcompeted by TCPOBOP more easily than the other androgens tested (p < 0.001) (Fig. 1C) . Overall, our data indicates that DHA is a reasonably strong repressor of unactivated CAR, releases from CAR easily compared with other androgens following CAR activation by TCPOBOP, and provides the most sensitivity in a CAR transactivation assay. Therefore, we used DHA to repress CAR activity in our subsequent CAR transactivation assays.
CAR transactivation assays were performed with a variety of environmental chemicals, steroid hormones, and bile acids at 10lM concentrations unless otherwise noted. TCPOBOP activated DHA-repressed CAR activity nearly fourfold. The only other chemicals to increase CAR activity greater than 3.4-fold were mono-ethylhexylphthalate (MEHP) at 100lM (3.963), corticosterone (3.423), and three organophosphate insecticides, parathion (3.833), SSS-Tributylphosphorotritioate (3.763), and chlorpyrifos (4.823). None of the bile acids or cholesterol activated CAR at the concentration tested (10lM), and progesterone acted as an inverse agonist. The remaining CAR activators are most likely partial activators and include but are not limited to chemicals such as nonylphenol, methoxychlor, imazalil, bisphenol A, cypermethrin, and 50lM arsenite (Fig. 2) .
We choose seven of these chemicals with diverse structures (Fig. 3) for our mixtures studies. In order to use the concentration addition approach (Casey et al., 2004) as described in ''Materials and Methods,'' the potency and Hillslope for each chemical must be determined. In addition, efficacy is necessary for partial activators so that restraint values can be used in our concentration addition model. Therefore, we measured concentration-response curves for seven chemicals (Fig. 4) , and determined their efficacy (% activity relative to the full agonist TCPOBOP), EC50, and Hillslopes (Table 2 ). The seven chemicals tested were TCPOBOP and PB as positive controls, nonylphenol, bisphenol A, cypermethrin, chlorpyrifos, and phthalic acid (also known as diethylhexylphthalate). We hypothesized phthalic acid was a partial activator based on data from Figure 2 but found it was a full activator at concentrations over 100lM. Nonylphenol, cypermethrin, bisphenol A, and PB are partial activators. TCPOBOP is considerably more potent than the Table 2 ).
Concentration Addition Model for CAR
Mixtures of two chemicals were made from four of the chemicals in which EC50, Hillslope, and relative efficacy compared with TCPOBOP were determined ( Table 2) . Each of the chemicals was added in equal concentrations and three different mixture concentrations were tested in our HepG2 CAR transactivation assay. Of the four chemicals tested only chlorpyrifos is a full activator. Chemical concentrations were 0.25, 1.0, and 5.0lM each for a total of 0.5, 2.0, and 10lM combined. The measured values from the transactivation assays shown as relative activity were compared with the concentration addition model values obtained from entering the chemical concentration, EC50, and Hillslope into CATAM (Equation 2). The concentration addition model without restraints mimicked the measured CAR activity remarkably well if chlorpyrifos was one of the chemicals in the mixture (Figs. 5A-C) . However, if both chemicals were partial activators than the concentration addition models with restraints were better at predicting CAR activity (Figs. 5D, F ; Table 3 ). The concentration addition model with weighted restraints closely mimicked the model with the highest restraint values of the strongest activator in the mixture because in many of the two-chemical mixtures one of the chemicals was dominant, especially if bisphenol A was the partial agonist in the mixture. Fisher exact tests indicated that the concentration addition model without restraints was the best model if no partial activators were present, suggesting that in the presence of a full CAR activator, partial CAR activators act like a full activator (Table 3) . However the proximity of the models and the simplistic nature of the mixture indicated that more study was necessary.
Therefore, we needed to test the hypothesis that partial CAR activators act as full activators in the presence of a full activator under slightly different conditions and treated CAR-transfected HepG2 cells with mixtures composed of three chemicals. HepG2 cells were exposed to four different treatments. In three of the treatment regimens, cells were treated with two partial activators and a full activator (chlorpyrifos þ two different partial activators), and in one of the treatment regimens cells were treated with three partial activators. Chemical concentrations were 0.166, 0.666, and 3.33lM each for a total of 0.5, 2.0, and 10lM combined. The measured values from the transactivation assays shown as relative activity were compared with the concentration addition CATAM values. The concentration addition model without restraints mimicked the measured CAR activity remarkably well if chlorpyrifos was one of the chemicals in the mixture (Figs. 6A-C; Table 3 ). In this slightly more complex mixture with more partial Table 3 ) because partial activators appear to act like full activators in the presence of a full activator within the mixture. If all three chemicals were partial activators than the concentration addition models with restraint values better predicted CAR activity (Fig. 6D) . Overall, the data suggests that the activity of partial activators could be underestimated in situations in which a full activator is present in an environmental mixture.
Lastly, we considered a more environmentally relevant situation in which cells were exposed to lower concentrations of several chemicals. We treated HepG2 cells with five different chemicals (phthalic acid, chlorpyrifos, nonylphenol, cypermethrin, and bisphenol A) at multiple concentrations varying from 0.042 to 2lM of each chemical at equal concentrations for a total of 0.21-10lM concentrations of the five chemicals combined. The chemicals significantly activated CAR at a combined concentration of 0.85 or 0.17lM of each chemical (Fig. 7) , demonstrating that low concentrations of several chemicals in the nanomolar range can activate CAR and this may be environmentally relevant especially for occupations in the agriculture or plastics industries. Second, the concentration addition model without restraint values reasonably mimicked the measured CAR activity when using two full activators (phthalic acid, chlorpyrifos) and three partial activators (nonylphenol, cypermethrin, bisphenol A) (Fig. 7) significantly better than either of the restraint models (Table 3 ). This further demonstrates that partial activators act like full activators in the presence of full activators.
DISCUSSION
CAR is an often mysterious nuclear receptor because it has high constitutive activity in vitro (Baes et al., 1994) and is activated through both direct (ligand activation, i.e., TCPO-BOP; Tzameli et al. 2000) and indirect means of nuclear translocation induced by protein phosphatase 2A mediated dephosphorylation of serine 202 (i.e., PB) (Hosseinpour et al., 2006; Kawamoto et al., 1999) . These properties can make CAR difficult to study, provide at least two pathways of activation, and add additional experiments to a study such as the determination of an appropriate inverse agonist. In our case, we investigated chemicals that can activate and inactivate CAR in addition to the effect of a mixture of chemicals on CAR activity. CAR activators increased CAR activity in a concentration addition model in a predictable manner with the exception of partial activators as they acted as full activators in the presence of an experimentally verified full activator. The loss of partial activator type effects by chemicals in the presence of a full activator is another interesting CAR peculiarity. Humans are exposed to a mixture of different chemicals through occupational, dietary, environmental, and pharmaceutical exposures that CAR and other xenosensors respond to.
The Food Quality Protection Act of 1996 Act of (1996 requires that the United States Environmental Protection Agency consider the cumulative effects of pesticides that have a common mechanism of action for this reason. We hypothesized that a mixture of CAR activators would work through a simple concentration addition type mechanism because a group of chemicals that work through the same mechanism typically act additively but sometimes antagonistically in the case of partial agonists that inhibit the activity of other agonists (Lu and Serrero, 1999; Miller et al., 2008) .
To prove this hypothesis, we tested full and partial activators on CAR using concentration addition for estimating the activity of the mixture.
All three models worked to varying degrees with the two chemical mixtures. The concentration addition model without restraints mimicked the measured values if a full agonist was present, the concentration addition model with the largest partial restraint value worked best if all the chemicals were partial agonists, and the concentration addition model with weighted restraints worked well in both conditions. However, the weighted restraint model also suggested that one chemical may dominate a simple mixture (chlorpyrifos). Furthermore, if all the chemicals were partial agonists, the concentration addition model with the highest partial restraint value from the mixture did not show a statistically significant difference from the concentration addition model with weighted restraints. Taken together, more robust mixtures with more partial agonists were needed to determine the best model and therefore three and five chemicals were used in following studies.
When three chemicals or more were used, neither of the concentration addition models with restraint values correctly predicted the action of a mixture if a full activator was present (Table 3) . This strengthened our theory that partial activators can act like a full activator in the presence of a full activator. Furthermore, partial activators were neither antagonistic nor partially additive in these cases, which would have reduced the activity of a full activator (Figs. 5-7) (Lu and Serrero, 1999; Miller et al., 2008) . Therefore, the role or activity of partial agonists did not need to be considered in our models unless all of the CAR activators were partial agonists (Figs. 5, 6 ), suggesting the activity of partial CAR activators could be underestimated. Furthermore, if all of the chemicals in the mixture are partial activators, the largest restraint value should be considered based on our limited sampling to date. Mathematically, this essentially is the same as a mixture containing a full activator because the restraint value equals one (i.e. no restraint value) in a mixture containing a full activator. Thus the largest restraint value is always the one that should be used as the multiplier to Equation 2. Our current studies indicate that both concentration addition models (with and without restraint values) are the same if the restraint value used is the largest of the chemicals in the mixture.
We hypothesize that partial agonists are acting as stronger partial activators or full activators in mixtures because CAR can be activated through at least two distinct pathways. For example, full activators may be ligands or true agonists that recruit a full complement of cofactors necessary for a full response, whereas partial activators are acting through one or more indirect pathways that do not recruit the full complement of cofactors and therefore cannot induce a full response by themselves (i.e., PB). However in combination the full complement of cofactors is available at the response element. Then again, ligand binding to CAR has not been tested for the partial and full activators measured so this hypothesis is currently speculative.
Conversely, it is possible that indirect activators potentiate the effects of ligand activators. An example of this would be estrogen receptor alpha (ERa). ERa is activated by insulin-like growth factor-1 or epidermal growth factor (Ignar-Trowbridge et al., 1993 , 1995 through a mitogen activated protein kinasedependent pathway in addition to its ligand-dependent pathway (Kato et al., 1995) . Activation through the two distinct pathways combined increased ERa activity significantly above estrogen alone (Ignar-Trowbridge et al., 1995 . Thus, the increase in measured CAR activity from the predicted concentration addition model with restraint values to a model without restraint values may actually approximate a maximum activity under a specific set of uncharacterized conditions. However, this is speculative and does not consider why the concentration addition model without restraints predicts the measured values at concentrations well below saturation of CAR activity. Further studies are necessary to determine the mechanisms of cooperation between full and partial agonists.
Future models may need to consider the different slopes of concentration-response curves at lower chemical concentrations. In several experiments the models underestimated the measured activity at the lowest concentrations where the individual chemical concentrations were below their observed effect concentrations or at the bottom of the sigmoidal dose-response curve. Previous experiments with multiple environmental estrogens (8-11 chemicals) used at levels below their no observable effect concentrations also showed greater measured effects than concentration addition models predicted Silva et al., 2002) . With CAR, even measured activity from a mixture of partial activators most closely resembled the concentration addition model without restraint at lower concentrations (Table 3; Figs. 5, 6); however, measured activity with higher chemical concentrations of only partial activators clearly mimicked concentration addition models with restraint values better. Therefore, the data appears as if synergism occurred, but we predict that low dose models combined with restraint factors, and potentially other mitigating factors determined in future experiments may accurately predict the combined effects of low dose exposure to CAR activators.
Overall, CAR activators acted in an additive fashion that could be modeled using concentration addition demonstrating that several environmental chemicals at low concentrations may cause an unexpected idiosyncratic drug reaction. This was further demonstrated using five chemicals at low concentrations that significantly induced CAR activity (Fig. 7) . In a world in which we are exposed to an increasing number of chemicals through either occupational or erratic dietary, environmental or pharmaceutical exposures; the potential for drug-toxicant interactions may increase. CAR is also important in the regulation of bile acid homeostasis and energy metabolism, thus exposure to several low dose CAR activators may affect metabolic diseases, alter bile acid homeostasis, and increase liver disease (Ding et al., 2006; Guo et al., 2003; Wagner et al., 2005; Zhang et al., 2004) .
In addition, repression of CAR activity by androgens was investigated to optimize the CAR transactivation assay and determine the potential effects of synthetic androgens used to enhance performance. All of the androgens tested repressed CAR activity, including the often used inverse agonist And. However, DHA was the most efficacious inverse agonist in the CAR transactivation assay. DHA is a strong inhibitor at high concentrations, except when TCPOBOP was present and then DHA released easily allowing sensitive measurement of CAR activation. Therefore we used DHA in our transactivation assays (Figs. 1, 2) .
However, the synthetic androgen THG, known as ''the clear'', is the most potent inverse agonist (Table 1 ; Fig. 1 ). THG, which has a similar structure to gestrinone and trenbolone, has potential as an inverse agonist, but its use as a synthetic androgen by young athletes may cause unexpected adverse drug reactions. Nor, the synthetic androgen known as ''the clean,'' is also a CAR inverse agonist and inhibitor of TCPOBOP activation of CAR. This makes Nor an extremely poor inverse agonist for our purpose, and furthermore its flat slope increases its variability within each set of transactivation assays. However, Nor is an interesting chemical because of its potential to cause adverse drug interactions as a CAR inhibitor and synthetic androgen used by young athletes even in the presence of CAR activators. Interestingly, Nor is known to interact with and alter the toxicity of a number of chemicals, Number of times that the model is closest to the measured values over the total number of data points. A CONCENTRATION ADDITION MODEL FOR THE ACTIVATION OF CAR including indomethacin, carbon tetrachloride, cocaine, digitoxin, and parathion (Robinson et al., 1976 (Robinson et al., , 1979 Solomon et al., 1971) . However, we must be careful when extrapolating our results with natural and synthetic androgens to humans because the androgens tested to date have proven to be much weaker hCAR inverse agonists than mCAR inverse agonists (Forman et al., 1998; Huang et al., 2004b; Moore et al., 2002) . Further work needs to be done with primary cells or humanized mice to determine the efficacy of these chemicals as hCAR inverse agonists.
Lastly, we used our CAR transactivation assay to screen for new chemical activators of CAR and found several environmentally relevant chemicals and steroid hormones act as full and partial activators (Fig. 2) . None of the bile acids tested acted as CAR activators at 10lM concentrations. Several chemicals activated CAR such as the pesticides parathion, chlorpyrifos, tributylphosphorotritioate, fenitrothion, cypermethrin, alachlor, metalachlor, endosulfan, and others. Plasticizers such as MEHP, phthalic acid, nonylphenol, and bisphenol A also increased CAR activity as did the steroid corticosterone. Progesterone is an inverse agonist. In addition, both arsenic and monosodium acid methane arsenate activated CAR (Fig. 2) . It has been noted that the list of chemicals known to activate CAR is much shorter than the list of chemicals that activate PXR (Kretschmer and Baldwin, 2005) , probably due to PXR's larger and flexible binding pocket (Watkins et al., 2001) . However, there has also been significantly less screening for CAR activators and Figure 2 suggests that CAR's ability to be activated through two distinct pathways probably allows it to show high promiscuity in a fashion similar to PXR. Furthermore, because there are so many CAR activators, the potential for them to work in combination and induce hepatic drug-metabolizing enzymes is relatively high.
Overall, the purpose of our study was to screen for CAR activators and inactivators and then use this information to determine the effect of a mixture of chemicals on CAR activity. Several different chemicals with distinct structures, including steroids, pesticides, and plasticizers alter CAR activity. These chemicals work together in an additive fashion to increase CAR activity in a predictable manner. The Food Quality Protection Act of 1996 requires that the United States Environmental Protection Agency consider the cumulative effects of pesticides that have a common mechanism of action; however, industrial chemicals and pharmaceuticals can further enhance the effects of chemicals on CAR activity. The increased use of chemicals and pharmaceuticals in modern societies improves the likelihood of unexpected adverse consequences of chemical use because of exposure to several similar acting chemicals at low doses. Our data indicate that it is important to consider that we are exposed to a milieu of chemicals, and these chemicals can act additively to increase CAR activity.
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